G laucomas comprise a group of eye diseases that ultimately lead to optic nerve damage and consequent irreversible blindness. Although the specific cause of most forms of the disease has not yet been determined, aging of the trabecular meshwork (TM), the tissue responsible for maintaining proper levels of intraocular pressure (IOP), is suspected to be a major risk factor in the development or progression of the most common form of the disease, primary open-angle glaucoma (POAG). 1 Aging is a complex phenomenon associated with a progressive accumulation of deleterious changes that results in a gradual decline in cellular and physiological function, as well as a diminished capacity to respond to stress, thus increasing the probability of degenerative disease. 2 A free radical theory of aging has been proposed, connecting the oxidative environment and aging process. 3 According to this theory, reactive oxygen species (ROS) resulting from normal aerobic metabolism are responsible for continuous macromolecular damage. Although most damaged biomolecules and organelles are successfully removed by the cellular proteolytic systems, the recycling machinery is inherently imperfect and is affected by the aging process. Thus, many types of cells and tissues accumulate oxidatively damaged material during aging and agerelated disorders. A slow accumulation and age-associated accumulation of materials that cannot be degraded primarily occurs in long-lived postmitotic or terminally differentiated cells such as TM cells, leading to the build-up of considerable amounts of waste material. 4, 5 The validity of the free radical theory of aging has been extensively supported by numerous in vivo and in vitro studies showing that age-related changes accelerate under the influence of oxidative stress, whereas various antioxidants slow aging. 6 -8 Several groups have reported increased expression of oxidative markers, such as oxidative DNA damage and peroxidized lipids, as well as diminished antioxidant potential in the TM tissue of donors with glaucoma, supporting a key role of oxidative stress in the morphologic and physiological alterations observed in the outflow pathway tissue in aging and POAG. 9 -11 In addition, we have recently demonstrated an increased number of cells with abnormal ␤-galactosidase activity at pH 6 (SA-␤-gal) in the glaucomatous outflow pathway. 12 Although the nature of such activity remains unknown, SA-␤-gal has been proposed to be a manifestation of residual lysosomal ␤-galactosidase activity at a suboptimal pH that becomes detectable due to the increased lysosomal content in aged cells. [13] [14] [15] The lysosomal compartment is the terminal degradative compartment responsible for the turnover of long-lived proteins and "worn out" organelles. Probably because of such disposal function, lysosomes are the major proteolytic system affected by age. 16 -19 Alterations of lysosomal function have been implicated in the pathogenesis of several age-related disorders. 20 -26 The purposes of this study were to evaluate hyperoxia as an in vitro model for studying the molecular mechanisms underlying aging of postmitotic TM cells and to examine the effect of chronic oxidative stress/aging in the TM lysosomal system. The data presented provide evidence of impaired lysosomal function as a result of the accumulation of biological debris in aged/oxidized TM cells.
MATERIAL AND METHODS

Generation of Primary Cultures of Porcine TM Cells
Primary cultures of porcine TM cells were prepared from porcine eyes obtained from a local abattoir less than 5 hours postmortem. Briefly, the TM was dissected and digested with 2 mg/mL of collagenase for 1 hour at 37°C. The digested tissue was placed in gelatin-coated 35-mm dishes and cultivated in low-glucose Dulbecco's modified Eagle's medium (DMEM) with L-glutamine and 110 mg/L sodium pyruvate, supplemented with 10% fetal bovine serum (FBS), 100 mM nonessential amino acids, 100 U/mL penicillin, 100 mg/mL streptomycin sulfate, and 0.25 mg/mL amphotericin B; all the reagents were obtained from Invitrogen (Carlsbad, CA). Cells were maintained and propagated until passage 3 at 37°C in humidified air with 5% CO 2 . Cell lines were subcultivated 1:2 when confluent. Up to six different cell lines were used in the present study.
Experimental Model of Chronic Oxidative Stress in Porcine TM Cells
Chronic oxidative stress was induced by subjecting porcine TM cells to normobaric hyperoxia conditions. Confluent cultures of porcine TM cells at passage 4 were grown for 2 weeks at 40% O 2 and 5% CO 2 . Control cultures were grown under physiological oxygen conditions (5% O 2 , 5% CO 2 ) in a triple-gas incubator. To suppress lysosomal proteolysis, the thiol protease inhibitor leupeptin (Sigma-Aldrich, St. Louis, MO) was added to the medium twice per week at a concentration of 10 M.
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Measurement of Cell Size
After the stress period, cells were trypsinized and subcultivated at low density. After 1 day, when the cells had attached, images were obtained in randomly selected fields, and the area of 25 randomly selected cells from each group was measured (Photoshop; Adobe Systems, San Diego, CA) by outlining the cell area (Magnetic Lasso Tool; Adobe Systems) and using the histogram function to count pixels in those areas.
Measurement of Endogenous Cellular Autofluorescence
Endogenous cellular autofluorescence was detected under the FITC filter by fluorescence microscopy and quantified by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA). For this, the fluorescence emitted by 10,000 cells in the FL-2 channel (563-607 nm wavelength band) was recorded and analyzed (CellQuest software; BD Biosciences).
Cell Viability and Proliferation
Cell viability was quantified by trypan blue exclusion staining. Cell proliferation after a period of stress was quantified with a BrdU cell proliferation assay (Calbiochem, San Diego, CA) according to the manufacturer's instructions.
Quantification of Intracellular ROS Production
Intracellular ROS production was quantified with the cell-permeant ROS indicator 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 DCFDA, Invitrogen). Briefly, the cells (1 ϫ 10 6 ) were trypsinized and incubated in 1 mL PBS containing 20 M H 2 DCFDA for 30 minutes. After this loading period, the cells were washed, and the mean green fluorescence of 10,000 cells was immediately recorded and quantified by flow cytometry and the system software (FL-1 channel; CellQuest; BD Biosciences). Nonstained control cells were included to evaluate baseline fluorescence. The laser intensity settings were adjusted to the lowest level at which autofluorescence was not detected.
Measurement of Mitochondrial Membrane Potential
The integrity of the mitochondrial membrane (⌿m) was evaluated with the cationic dye JC-1 (Invitrogen). Cells (1 ϫ 10 6 ) were trypsinized and incubated at 37°C for 30 minutes in 1 mL complete medium containing 2 M JC-1. The cells were washed and the mean green fluorescence (FL-1 channel) and mean orange-red fluorescence (FL-2 channel) were recorded and quantified by flow cytometry (CellQuest software; BD Biosciences). ⌿m was expressed as the mean red to mean green ratio. Nonstained control cells were included to evaluate baseline fluorescence. The laser intensity setting used in these experiments was not strong enough to excite at the autofluorescence level.
Quantification of DNA Damage
DNA fragmentation associated with oxidative DNA damage was analyzed by a single-cell gel electrophoresis assay (Comet Assay Kit; Trevigen, Gaithersburg, MD) according to manufacturer's instructions. Electrophoresis was performed by using the alkaline electrophoresis protocol to detect single-stranded DNA breaks, double-stranded DNA breaks, and apurinic and apyrimidinic sites, as well as alkali-labile DNA adducts. The comet length of 50 randomly selected cells from each group was quantified by a masked observer using the comet scoring software (Comet Score; TriTek Corp., Summerduck, VA).
Protein Carbonylation Assay
The detection of carbonyl groups introduced into proteins by oxidative reaction was performed with a protein oxidation kit (Oxyblot; Chemicon, Temecula, CA) according to the manufacturer's instructions.
Electron Microscopy
The cells were washed twice in PBS and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). Fixed cells were then detached by gentle scraping, pelleted, postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer and processed for transmission electron microscopy in the Morphology Facility at Duke University Eye Center. Thin sections (65 nm) were examined by electron microscopy (JEM-1200EX; JEOL USA, Peabody, MA).
Quantification of Lysosomal and Mitochondrial Cellular Content
The lysosomal cellular content was evaluated using lysosomotropic dyes (Lysotracker Red [LTR]; Invitrogen) and acridine orange (AO; Sigma-Aldrich) as follows. The cells were incubated for 15 minutes at 37°C in fresh culture medium containing either LTR (500 nM) or AO (5 g/mL). Specific lysosomal labeling was confirmed by fluorescence microscopy and quantified by flow cytometry in the red spectrum (FL-3 channel). For evaluation of the mitochondrial cellular content, a red fluorescent dye (MitoTracker Red [MTR] 500 nM; Invitrogen-Molecular Probes, Eugene, OR) was used instead.
Quantification of Autophagic Vacuoles
The autophagic vacuole (AV) content was quantified with the specific dye monodansylcadaverine (MDC; Sigma-Aldrich), as described elsewhere. 28 Briefly, cells grown in 24-well plates were incubated for 15 minutes at 37°C with MDC (0. 
Flow Cytometry Determination of SA-␤-gal Activity
Quantification of SA-␤-gal activity was performed by flow cytometry with the fluorogenic substrate C 12 FDG (Invitrogen). First, alkalinization of the lysosomal compartment was induced by treating cell monolayers with 300 M chloroquine for 1 hour at 37°C under 5% CO 2 . The cells (1 ϫ 10 6 ) were then trypsinized and incubated for 1 minute at 37°C in 50 L of prewarmed PBS containing C 12 FDG (33 M). C 12 FDG uptake was stopped by adding 500 L ice-cold PBS. The mean green fluorescence of 10,000 cells was recorded (FL-1 channel) 30 minutes later and quantified (CellQuest software; BD Biosciences). Nonstained control cells were included, to evaluate the baseline fluorescence. The laser intensity settings were adjusted to the lowest level so as not to detect autofluorescence.
Quantitative Real-Time PCR
Total RNA from porcine TM primary cultures was isolated (RNeasy kit; Qiagen, Valencia, CA) according to the manufacturer's protocol and treated with DNase. RNA yields were determined with a green fluorescent dye (RiboGreen; Invitrogen-Molecular Probes). First-strand cDNA was synthesized from total RNA (1 g) by reverse transcription using oligo(dT) primer and reverse transcriptase (Superscript II; Invitrogen). Real-time PCR was performed in a 20-L mixture containing 1 L of the cDNA preparation diluted five times, 10 L master mix (iQ SYBR Green Supermix; Bio-Rad, Hercules, CA), and 500 nm of each primer in a thermocycler system (iCycler iQ; Bio-Rad) using the following PCR parameters: 95°C for 5 minutes, followed by 50 cycles of 95°C for 15 seconds, 60°C for 15 seconds, and 72°C for 15 seconds. The fluorescence threshold value (Ct) was calculated using the thermocycler system software. The absence of nonspecific products was confirmed by both the analysis of the melt curves and by electrophoresis in 3% acrylagarose gels. ␤-Actin served as an internal standard of mRNA expression. The change (x-fold) was calculated with the formula 2
Ϫ⌬⌬Ct , where ⌬Ct ϭ Ct gene Ϫ Ct Act , and ⌬⌬Ct ϭ ⌬Ct Exp Ϫ⌬Ct Con .
The sequences of the primers used for the amplifications are shown in Table 1 .
Western Blot Analysis
Cells were washed twice in PBS and lysated in 20 mM HEPES, 2 mM EGTA, 5 mM EDTA, and 0.5% NP-40 containing protease inhibitor cocktail and phosphatase inhibitor cocktail (Halt; Pierce Biotechnology, Rockford, IL). After sonication for 1 minute on ice, the lysates were clarified by centrifugation, and protein concentration was determined with a protein assay kit (Micro BCA; Pierce Biotechnology). Protein samples (20 g) were separated by 10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad). The membranes were blocked with 5% nonfat dry milk and incubated overnight with anti-cathepsins (SC-6499), anti-cathepsin K (SC-6506), or anti-tubulin (SC-9935) from Santa Cruz Biotechnology (Santa Cruz, CA). The bands were detected by incubation with a secondary antibody conjugated to horseradish peroxidase and chemiluminescence substrate (ECL Plus; GE Healthcare, Pittsburgh, PA).
Assessment of Lysosomal Enzyme Activity
Cells grown in a 24-well plate were washed in PBS and lysated for 30 minutes at 4°C with shaking in 100 L of 50 mM sodium acetate (pH 5.5), 2.5 mM DTT, 2.5 mM EDTA, and 1% Triton X-100. The lysates were clarified by centrifugation and immediately used for determination of proteolytic activity. For this, 5 L of lysates was incubated at 37°C for 30 minutes in lysis buffer (100 L) in the presence of the omnicathepsin fluorogenic substrate z-FR-AMC (20 M; Santa Cruz Biotechnology). The AMC released as a result of proteolytic activity was quantified with a microtiter plate reader (exc: 380 nm; em: 440 nm), and normalized by total protein content. Cathepsin protein levels were also analyzed by immunoblot.
Statistic Analysis
All experimental procedures were repeated at least three times in independent experiments with different cell lines. The percentage of increase of the experimental conditions compared with the control was calculated and averaged. Data are represented as the mean Ϯ SD and were analyzed with Student's t-test. P Ͻ 5% was considered statistically significant.
RESULTS
Hyperoxia as an Experimental Model of Aging in Porcine TM Cells
To reproduce the effects of chronic oxidative stress in postmitotic porcine TM cells in vitro, we chose the normobaric hyperoxia model, which consists of growing the experimental cultures in 40% O 2 . Control cultures were grown in physiological (5%) O 2 . 29 To accelerate the amount of nondegradable oxidized material that might accumulate in vivo during a lifetime, the cultures were supplemented twice per week with the lysosomal protease inhibitor leupeptin (10 M) . 27 All cultures remained confluent, and cell viability was not affected under any conditions ( Supplementary Fig. S1A , http://www.iovs.org/ cgi/content/full/49/9/3961/DC1). Cultures grown at 40% O 2 demonstrated a significant decrease in the proliferation rate (55.33% Ϯ 10.98%, P ϭ 0.0009, n ϭ 3; Supplementary Fig.  S1B ). In addition, cells grown in 40% O 2 displayed a morphology characterized by enlarged size (24,973 Ϯ 9,242 pixels versus 68,740 Ϯ 17,065 pixels, n ϭ 20, P Ͻ 0.0003) and the accumulation of autofluorescence granules in the perinuclear region (Fig. 1) .
Effect of Hyperoxia on Intracellular ROS Production and ⌿m in Porcine TM Cells
Cells incubated at 40% oxygen showed a significant increase (104.42% Ϯ 50.85%, P ϭ 0.026, n ϭ 3) in ROS production compared with physiological conditions (Fig. 2A) . This increase in ROS production was accompanied by a statistically significant decrease in the ⌿m (27.86% Ϯ 4.11%, P ϭ 0.007, n ϭ 3; Fig. 2B ). The labeling of the cells with a cell-permeant dye (Mitotracker Red; Invitrogen-Molecular Probes) that accumulates within the mitochondria independently of the ⌿m, demonstrated augmented mitochondrial content under oxidative stress conditions (96.94% Ϯ 21.69%, P ϭ 0.008, n ϭ 3; Fig.  2C ). These data suggest the accumulation of defective mitochondria in the cells cultured at higher oxygen concentrations. S2 , http://www.iovs/org/cgi/content/full/49/9/3961/DC1).
Accumulation of Lipofuscin-Loaded Lysosomes in Porcine TM Cells Exposed to Hyperoxic Conditions
As shown in Figure 2D , the incubation of TM cells at 40% O 2 significantly increased the presence of intracellular crosslinked oxidized material (lipofuscin autofluorescence; 156.24% Ϯ 85.85%, P ϭ 0.035, n ϭ 3). Moreover, electron micrographs from porcine TM cells demonstrated the cytoplasmic accumulation of membrane-bound organelles in the perinuclear region in the cultures exposed to 40% O 2 . These vesicles were higher in quantity and larger in size (Ͼ 500 nm) than the ones observed under 5% O 2 conditions (Ϸ200 nm, primary lysosomes). In addition, they contained amorphous electron-dense material and membranous structures, phenotypic features characteristic of autophagic secondary lysosomes (Fig. 3) . Leupeptin treatment slightly increased the levels of autofluorescence (38.35% Ϯ 10.80%, P ϭ 0.005, n ϭ 3) as well as the number of such cytoplasmic figures.
Effect of Chronic Oxidative Stress on the Lysosomal Cellular Content in Cultured Porcine TM Cells
The lysosomal compartment is the final destination of the degradative cellular mechanism. To test the capacity of TM cells to respond to the increased intracellular levels of nondegradable material by enhancing the synthesis of novel lysosomes, we measured the total lysosomal cellular content with a lysosomotropic dye (LTR; Invitrogen) and AO. Figure 4A shows a representative experiment of porcine TM cells labeled with LTR, demonstrating a red cytoplasmic punctuate staining in the perinuclear region, corresponding to the subcellular localization of lysosomes. Quantification of the fluorescence intensity per individual cell showed a dramatic increase (323.90% Ϯ 88.30%, P ϭ 0.005, n ϭ 4) in the lysosomal content in cells exposed to an oxidative environment (Fig. 4B) . Similar results, although to a lesser degree, were observed using AO (75.33% Ϯ 36.98%, P ϭ 0.026, n ϭ 4; Fig. 4C ).
Cultures treated with leupeptin also showed a significant increase in lysosomal content (LTR: 61.53% Ϯ 32.17%, P ϭ 0.031, n ϭ 4; AO: 27.72% Ϯ 15.02%, P ϭ 0.03, n ϭ 4). No synergistic effect was found between proteolysis inhibition and oxidative stress. 
Increased Autophagic Vacuoles Content in Cultured Porcine TM Cells Exposed to Chronic Oxidative Stress
The oxidized material is delivered to the lysosomal compartments through autophagy, a process that involves the formation of the so-called autophagic vacuole (AV). As shown in Figure 5 , cell cultures grown at 40% O 2 demonstrated an increased AV content (30.74 Ϯ 25.08, P ϭ 0.03, n ϭ 6). The effect was more pronounced if cells were cultivated in combination with the lysosomal inhibitor leupeptin (51.29% Ϯ 33.05%, P ϭ 0.01, n ϭ 6).
Effect of Chronic Oxidative Stress on Lysosomal Function in Cultured Porcine TM Cells
We recently reported an increased number of cells positively stained for abnormal SA-␤-gal activity in the glaucomatous outflow pathway. 12 Accumulation of nondegradable material in autophagic secondary lysosomes has been proposed to result in increased lysosomal mass and increased lysosomal enzyme content, which manifests in detectable ␤-galactosidase activity at abnormal pH 6.0. [13] [14] [15] As shown in Figure 6A , incubation of TM cells at 40% oxygen atmosphere significantly induced ␤-galactosidase activity at pH 6.0 (109.9% Ϯ 43.1%, P ϭ 0.01, n ϭ 3). This effect was not due to increased expression of the ␤-galactosidase gene (Fig. 6B , GLB-Lys). Of interest, leupeptin treatment induced per se the appearance of this abnormal SA-␤-gal activity (47.59% Ϯ 28.85%, P ϭ 0.04, n ϭ 3) and showed a synergistic effect in conjunction with hyperoxic conditions (197.63% Ϯ 40.34%, P ϭ 0.002, n ϭ 3).
Quantitative real-time PCR analysis demonstrated the upregulation with oxidative stress of LAMP2, involved in the transport of proteins into lysosomes, as well as several lysosomal enzymes, in particular cathepsin K (6.86 Ϯ 2.22-fold, P ϭ 0.032, n ϭ 3; Fig. 6B ), The mRNA levels for this protein dramatically increased when cells were cultivated under 40% O 2 in the presence of leupeptin (18.06 Ϯ 2.37-fold, P ϭ 0.005, n ϭ 3). Western blot analysis using a generic antibody against cathepsins confirmed elevated intracellular levels of cathepsin proteins in the leupeptin-treated and oxidatively stressed cultures (Fig. 6C) . The specific antibody against cathepsin K showed increased protein levels of cathepsin K in the leupeptin-treated cultures (5% and 40% O 2 ); however, no significant effect of oxidative stress on the protein content for this particular cathepsin was found, despite the observed upregulated expression at the mRNA level. It has been described that cathepsin K is secreted under stressed conditions. 30 We did not observe any increase in the amount of secreted cathepsin in the culture medium from stressed cultures that could explain the absence of higher levels of the intracellular enzyme (data not shown).
Cathepsin activities in cellular extracts from cultures of porcine TM cells grown in a 5% or 40% O 2 environment were quantified using the omnicathepsins fluorogenic substrate Z-Phe-Arg-AMC⅐HCl. As shown in Figure 6D , incubation of porcine TM cells at 40% O 2 environment did not result in increased lysosomal hydrolytic activity regardless of the increased lysosomal mass. Cell cultures treated with leupeptin showed an increased capacity of hydrolyzing the substrate Z-FR-AMC. This phenomenon has been described in other cell types when repetitive low-dosage of the inhibitor was used.
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DISCUSSION
We describe for the first time impaired lysosomal activity in porcine TM cells subjected to chronic oxidative stress. These data represent the first work conducted to determine the correlation of the age-induced decline in lysosomal function with the phenotypic changes observed in the outflow pathway from POAG donors. Also, the data presented in this manuscript clearly validate the use of hyperoxia as an in vitro experimental Ultrastructural appearance of porcine TM cells exposed to chronic oxidative stress in the presence or absence of leupeptin. The cells were detached by scraping, and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer. After fixation, the cells were centrifuged, and the pellet was processed for TEM. Note the appearance in the cultures subjected to oxidative environment of membranebound organelles morphologically resembling secondary lysosomes containing an amorphous membranous electron dense material. Lys, primary lysosomes; SLys, secondary lysosomes; Mit, mitochondria; N, nucleus; AM, amorphous material. Data are representative of three independent experiments.
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Altered Lysosomal Function in Aging TM Cells 3965 model to investigate the molecular mechanisms accompanying aging of TM cells. Today, it is commonly accepted that aerobic metabolism plays a central role in the process of aging. As much as 30% to 40% of all proteins may exhibit protein oxidation as part of normal aging. 32, 33 In fact, oxidation and aging are concepts commonly interchanged in the literature. It is also well recognized that oxidation has a key role in the development and/or progression of age-related diseases, including POAG. 9 -11 Moreover, the role of oxidative stress is even more relevant in the aging process of tissues, such as the outflow pathway, which is characterized by a low cell renewal rate. 34 Therefore, to reproduce the physiological conditions to which aging TM is exposed in vivo, we selected an experimental model of chronic oxidative stress based on culturing confluent monolayers of porcine TM cells in a high-oxygen environment. This model has been successfully used in similar studies in different cell types, in particular those involving aging of postmitotic cells. [35] [36] [37] [38] An important advantage of this model is that because of its relatively low toxicity-no cell death was observed in the stressed cultures-sustained confluence and thus normal postmitotic conditions were assured throughout the length of the experiment.
As expected, cultures exposed to a 40% O 2 atmosphere demonstrated an increase in intracellular ROS production, decreased ⌿m, increased DNA damage, and increased carbonylated proteins, all well-known indicators of oxidative damage. The stressed cells were also characterized by lower proliferation rate, enlarged size, and the accumulation of autofluorescent granules in the perinuclear region. Tripathi et al. 39, 40 have described similar morphologic changes in a replicative model of aging in porcine TM cells and in the cells from aged trabecular endothelium, suggesting that such a phenotype might be a common characteristic of aged TM cells. Furthermore, oxidatively stressed cultures demonstrated increased cellular autofluorescence, which is a measure of the lipofuscin content. Lipofuscin, also known as "age pigment," represents nondegradable material primarily composed of oxidatively modified protein and lipid degradation residues that accumulate and become oxidized within secondary lysosomes. 41 Lipofuscin accumulation is primarily observed in aging postmitotic or terminally differentiated cells, such as neurons, cardiac myocytes, skeletal muscle fibers, and RPE cells. 4 When observed by TEM, the most striking feature in the cells exposed to an oxidative environment was the increased presence of cytoplasmic membrane-bound organelles containing an electron dense and membranous material. Such organelles were also larger in size than the ones found in the nonstressed cultures (500 nm vs. 200 nm), which were more translucent and contained almost no material. In addition, the cytosol in the stressed cells showed an electron-dense punctate or granular pattern similar to that in some of the membranebound organelles. Altogether, their subcellular location, spherical morphology, and the luminal presence of what appears to be material of cytoplasmic origin suggest that such structures are related to the lysosomal cellular pathway. Accordingly, these perinuclear granules were positively stained with the lysosomotropic dyes LTR and AO. Also, flow cytometry quantification analysis confirmed a dramatic increase in lysosomal content in the stressed cultures. These data are consistent with other studies showing that lysosomes of long-lived postmitotic cells become more abundant, larger, and more lipofuscinloaded with age. [35] [36] [37] [38] The lysosomal compartment is the cellular proteolytic system responsible for the degradation of endogenous and exogenous long-lived proteins, as well as "worn-out" organelles. It is composed of a system of vacuoles that fuse with each other to exchange their contained material. Substrates to be degraded are delivered to the lysosomes via autophagy, a process involving the formation of AVs. These nascent AVs apparently undergo biochemical and morphologic changes (maturation), acquiring lysosomal membrane proteins and hydrolases that subsequently allow them to degrade the sequestered substrates (autophagolysosomes). In vivo labeling with MDC corroborated augmented AV/autophagolysosome content in the stressed cultures.
All the evidence indicates that TM cells efficiently respond to the presence of oxidative damage by activating the lysosomal degradative pathway, as manifested by the increased presence of novel lysosomes and AVs. A similar response, although to a much lesser degree, was observed in chronic protease inhibition conditions with leupeptin treatment. In addition, protease inhibition induced only a slightly synergistic response when combined with oxidative damage. These findings suggest that it is the peroxidation of the intralysosomal material and not just the accumulation of material within lysosomes, per se, that leads to the acquisition of aging phenotype in TM cells.
Our laboratory has recently reported an increased number of cells positively stained for SA-␤-galactosidase in the outflow pathway from glaucomatous donors compared with agematched control cellss. 12 An interesting finding was that leupeptin-treated and oxidatively stressed cultures showed elevated SA-␤-gal activity. The effect was even more pronounced when both conditions were combined and followed a pattern similar to the one observed with MDC staining. The increased SA-␤-gal activity was probably not due to a significant transcriptional activation of the gene. Although elevated mRNA levels (twofold) were detected in the cultures treated with leupeptin in 40% O 2 conditions, no change at the mRNA levels was observed in leupeptin-treated or oxidatively stressed cultures alone, despite the elevated SA-␤-gal activity (50% and 100%, respectively). Our data are in agreement with those in other studies, suggesting that SA-␤-gal is a manifestation of residual lysosomal activity at a suboptimal pH, which becomes detectable due to the increase of lysosomal mass and the accumulation of degradative autophagolysosomes loaded with lipofuscin in aged cells. [13] [14] [15] Whether the observed increased SA-␤-gal activity in the glaucomatous TM tissue is due to an accumulation of lipofuscin-loaded lysosomes remains to be determined.
A variety of age-associated changes in lysosomal hydrolase activities have been reported in the literature, but the alterations seem to vary, depending on the hydrolase assayed and the tissue used. Some studies showed a decrease in lysosomal cysteine protease activity associated with age-related lipofuscin accumulation, but others did not. 27, [42] [43] [44] [45] In our study, cells treated with leupeptin demonstrated an increase in both protein content and cathepsin activity compared with nontreated cultures. It is likely that such an increase mostly resulted from diminished degradative capacity rather than transcriptional activation, since cathepsin mRNA levels were not significantly affected by leupeptin alone. Cultures exposed to oxidative stress also demonstrated increased cathepsins protein levels. In contrast, mRNA levels seemed to be differentially modulated among specific cathepsins. The most remarkable change was the dramatic upregulation of cathepsin K mRNA (Ͼ10-fold) . Surprisingly, we did not detect increased intracellular or extracellular protein levels using an antibody specific for cathepsin K. Additional studies are needed to determine whether this result is due to posttranscriptional regulation or to an increased enzyme turnover via autocatalysis or degradation by other endogenous intracellular enzymes. 46 One of most interesting results found in this study was that despite the increased oxidized material, augmented lysosomal content, and elevated cathepsin protein levels in the cultures grown under 40% O 2 , we did not observe increased lysosomal proteolytic activity in these cells. Similar to other proteases, the cathepsins are synthesized as inactive precursors, and are activated by proteolytic removal of the N-terminal propeptide, either by other proteases or by autocatalytic activation at acidic pH in a chain-reaction manner. The processing and activation of lysosomal proteases are tightly regulated events and can be modulated in several ways, including lysosomal pH, propeptides, glycosaminoglycans, endogenous inhibitors (cystatin family), and oxidation. [47] [48] [49] [50] Although we cannot rule out a potential direct effect of ROS on the enzyme structure, the fact that leupeptin-treated cultures grown at 40% O 2 showed elevated cathepsin activity suggests a limited proteolysis, an imbalance between cathepsins and cystatins, or even an inhibitory mechanism resulting from an enzyme-lipofuscin interaction.
Regardless of the specific mechanism, a decline in the degradative capacity within lipofuscin-loaded lysosomes in aging cells will further initiate, as proposed in the "garbage catastrophe theory of aging," a vicious cycle that can ultimately compromise the cellular recycling processes, thus leading to the accumulation of defective organelles, such as mitochondria or even other components of the proteolytic machinery in aging TM cells. 5, 51 For example, the reported decreased proteasome activity in lipofuscin-loaded fibroblasts is believed to result from defective proteasome renewal due to lysosomal failure. 36 Similarly, this decrease may explain the observed proteasome dysfunction in TM cultured cells under chronic oxidative stress and with age. 52, 53 In turn, inhibition of the proteasomal function in human TM cells has been shown to induce the accumulation of calpains, the third major cellular proteolytic system, and has been proposed as a potential mechanism favoring the recently reported accumulation of inactive calpain-1 in the glaucomatous TM. 54 Many types of cells and tissues accumulate oxidatively damaged material during aging and age-related disorders. Example of these oxidation-related diseases in which the lysosomal system seems to play an important role are atherosclerosis, age-related macular degeneration, Alzheimer's disease, and Huntington's disease. 25, 20, 55, 56 Lysosomal storage disorders have been linked to the occurrence of glaucoma, supporting the importance of the lysosomal system in the proper outflow pathway functioning. [57] [58] [59] Lysosomal enzyme activities have been detected in the human aqueous humor and in the TM tissue and are thought to play a crucial role in tissue remodeling and phagocytic activity. 60, 61 Thus, an impairment of the lysosomal function in the TM may have detrimental effects on the overall tissue physiology.
In summary, our results indicate that chronic exposure of TM cells to oxidative stress causes the accumulation of nondegradable material within the lysosomal compartment leading to diminished lysosomal activity and increased SA-␤-gal expression. Because the lysosomal compartment is responsible for maintaining general cellular turnover, such impaired activity may lead to a progressive decline in the TM cell function and thus contribute to the progression of POAG.
